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ABSTRACT 
 

Based on the full-scale cyclic test results of four T-shaped beam-to-column 
joints ,nonlinear shell-entities finite element analysis model were established using 
Msc.Marc for further investigation. A number of nonlinearities such as the elasto-plastic 
material properties of steel and concrete, concrete tension softening were considered in 
the analysis. The analysis results match well with the test results, indicating that the 
sell-entities finite element model was a good simulation of beam-to-column joints. And 
study show that stress and deformation of the beam-to-column joints with 
external-diaphragm is quite different to traditional beam-to-column joints after 
considering the slab effect. So the influence of slabs should be considered in the design 
of beam-to-column joints. 
 
1. INTRODUCTION 

 

The steel-concrete composite building structures have been increasingly used in 
buildings and bridges for the advantages in strength, stiffness, economy and 
construction, etc. But in some earthquakes, fractures or failures of joints were observed 
in some composite structures. In recent years, the static and seismic performances of 
beam-to-column joints have been wildly studied by both experiments and numerical 
analysis.  

Based on the investigation of typical earthquake at home and abroad(Duane K M 
1998), many steel structures’ brittle failure occurs on the bottom flange of beam, and 
there are several reasons for this damage. Firstly, a series of weld defects such as 
porosity, slag inclusion will weaken the stress area of the welding seam and cause the 
stress concentration at the defect, which leads to the crack propagation in the beam 
column joint, and becomes the root of the failure of the joint. In addition, the concrete 
slab will seriously affect the local stress of the joint. When the composite beam were 
subjected to a sagging moment, the high compressive ability contributed by concrete 
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slab strengthen the compressive strength of top flange，which is equivalent to raise 

strain demand on the bottom flanges. So the bottom flange of steel beam is the main 
premature failure location of joint. On the other hand, modeling method were developed 
of joints with concrete slab. Hu(2011) proposed a shell-entities element analysis model 
taken in composite frame using MSC. Marc. Tao(2013) employed conventional fiber 
model in composite frame systems considering slab spatial composite effect. 
Furthermore, based on the proposed mode, a complete program for non-linear analysis 
of composite structures COMPONA-MARC were developed. Liu(2012) were based on 
analysis within elastic and post-elastic range of the panel zone, a new model ,which is 
particularly suited for simulating steel and composite joints, is proposed, and the 
formulae calculating the shearing stiffness and ultimate strength of composite joints are 
derived.  

We have made four 4 different structure forms  connection with 
external-diaphragm, and investigated the slab effect on the stiffness, strength and 
energy dissipating of composite joints under the cyclic loadings(Mou Ben 2017). So on 
the basis of experimental test, numerical simulation of the slab effect on 
beam-to-column joints with external-diaphragm were proposed for further parametric 
analysis.  
 
2. NUMERICAL MODEL AND VALIDATION 

 
MSC. Marc is employed to model the four T-shape beam-to-column joints under 

cyclic loading. To establish appropriate numerical models and obtain accurate 
computed results, many factors should be taken into consideration, such as element 
type, mesh generation, material property, boundary conditions, load case and 
convergence rule. In order to save time, half a structure model is established, as shown 
in Fig. 1. 

 
 

 

Fig. 2 Multi-layer shell element model of 
reinforcement concrete slab Fig. 1 Half a structure model 

 
2.1 Element type  
QUAD4 elements were used for all parts except concrete slab, and multi-layer 

shell elements were used for concrete slab, in which concrete material layer and 
reinforced material layer were established in different thickness. Fig. 2 shows the 
method of setting the material layer, in which the thickness of reinforcement material 
layer is 1.2mm calculated by volume equivalent substitution method. 
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bar 

Concrete 



 
2.2 Material property 

The Poisson’s ratio of steel is assumed as 0.3, and Young’s modulus of steel(Es) 

was taken by tensile test. The stress-strain curve was calculated by nominal stress and 

strain of tensile test. Analysis assumes that the steel yield condition in line with Mises 

yield criterion, and the equivalent stress calculated by the Eq. (1).  
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The material is expected to yield When the equivalent stress is greater than yield 

stress which can be expressed as 

                              e yf 
                             （2）

 

The passion ratio of concrete is assumed as 0.2, and Young’s modulus of 

concrete(Ec) is taken by stress-strain curve obtained by cylinder compression test. 

Stress-strain relationship of compression consists of a nonlinear increasing branch up to 

the ultimate strength and a descending branch., as shown in Fig. 3. The increasing 

branch is obtained by the cylinder compression test, and a strain of 0.02 is defined as 

the peak strain. A strain of 0.2fc is defined as the end of linear descent.  

 

 

Fig. 3. Stress-strain curve of concrete Fig. 4 cracking damage of concrete 

 

The simulation of concrete damage effects is based on the concrete crack model 

provided by MSC. Marc(2012), as shown in Fig.4, which is needed to determine the 

value of critical stress, tension softening modulus, shear retention and crushing strain. 

Shear retention coefficient is assumed to be 0.5 which reflects the contribution to 

resistance to shear fracture due to aggregate interlocking. Softening modulus(COMITE 

EURO INTERNATIONAL DU BETON 1993), being used to simulate the unloading 

phenomenon from concrete to rebar when concrete cracks in tension, is calculated in 

Eq.(3). 
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Where, lr is the length of element, Gf(Jiang Jianjing 2005) is fracture energy of 

concrete that can be calculated as follows.  
0.7( /10)f f cG f

                             （4） 

Where, the value of αf  is related to the maximum aggregate diameter which was 

determined to be 0.03(Jiang Jianjing 2005). 

Therefore, based on Eq.(3) and Eq.(4), the value of Ecs was determined to be 

4100. 

Cracking stress is assumed to be one to tenth of compressive strength. And 

crushing strain is assumed as 1, meaning regardless of it because it has been reflected 

in the uniaxial stress-strain relationship of concrete. 

 
2.3 Contact and link 

To define the contact between different material, the “contact body” and “contact 

table” option taken in MSC. Marc was used in model. The interaction between steel tube 

and concrete is the key to simulate material performance. “Deformable body contact” is 

used between steel tube and concrete, which in the normal direction was used to allow 

separation and no penetration.  

Three components compose the horizontal shear between concrete slab and steel 

beam: physical friction, chemical bond force and anchorage force of stud shear 

connector. The first two components are negligible compared to stud anchoring force in 

engineering application. Spring link was set in the x,y direction and tie was set in the z 

direction between slab and steel beam. The stud shear bearing capacity and shear-slip 

curve of stud prosed by Ollgaard(1971) was used to capture the mechanical behavior of 

the stud. The relationship between shear and displacement of stud which is proposed by 

a formula as follows: 

                 
0.558(1 )s

uV V e                               （5） 

Where, V is the interfacial shear, s is the relative slippage, Ast is the stud area, Ec 

is elastic modulus of concrete, fc is the compressive strength of concrete slab, Vu 

represents the bearing capacity of single stud expressed as follows: 

       
0.43 0.7 /u st c c st uV A E f A f h d   ( 4)                  （6） 

 
2.4 Boundary conditions and loading system 

The same boundary and loading conditions of tests is applied in simulation model. 

Two rigid plates are added at the top and bottom of column, in which boundary 

conditions are applied. The bottom end of column is restrained against ux, uy, uz, θx and 

θz; and the top end of column is restrained ux, uy, θx and θz. The two ends of the beam 

are free against any constraint, only applied to cyclic loading through displacement 

control which is the same as those adopted in the tests. In the positive direction, the 

beam end is pulled upward. In negative direction, the loading on the beam end is 



reversed. 

 

3. FINITE ELEMENT ANALYSIS AND VALIDATION 

 

Four sets of test data for T-shaped beam-to-column joints from present work are 

used to validate the FEM model. FEM models of those test specimens are developed to 

reflect the test conditions. In all modeled cases, the corresponding boundary conditions 

and cyclic loading are applied. The predictions form the FEM models are compared to 

their test results.  

 
3.1 Validation of the numerical model 

The moment-rotation curves and skeleton curves were obtained from the FEM 

analysis show good correlation with the experimental results. The numerical results 

track the peak point and initial stiffness with reasonably high accuracy, which indicates 

the model is reliable to further analysis, as shown in Fig. 5 and Fig. 6.  
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Fig. 5 Comparison of numerical and experimental moment-rotation curves 
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Fig. 6 Comparison of numerical and experimental skeleton curves 
 

Results of shear stiffness and strength from numerical analysis, comparing with 

test results, are summarized in Table 1. Compared to experimental value, numerical 

shear stiffness is 88%-100% of it; numerical yield moment is 93%-123% of it; numerical 

plastic moment is 100%-113% of it. It noted that numerical results favorable agreements 

with exiting experimental results for further investigation. 

 

Table 1. Comparison of shear stiffness and bending moment of main point 

 No. 
Ke 

[kN·m/rad] 

KFEM

 

[kN·m/rad] 
KFEM/Ke 

pMy 

[kN·m] 

pMyFEM 

[kN·m] 
pMyFEM/pMy 

pMp 

[kN·m] 

pMpFEM 

[kN·m] 
pMpFEM/pMp 

Positive 
loading 

ST-W/O 20000 20000 1.00 170 168 0.99 209 216 1.03 

ST-W 42000 37000 0.88 186 215 1.10 236 257 1.09 

CFT-W/O 25000 23000 0.92 203 206 1.01 250 250  1.00 

CFT-W 37000 34000 0.92 237 221 0.93 266 277 1.04 

Negative 
loading 

ST-W/O 24000 23000 0.96 159 174 1.09 212 215 1.01 

ST-W 25000 23000 0.92 167 205 1.23 216 243 1.13 

CFT-W/O 24000 24000 1.00 196 203 1.04 244 249 1.02 

CFT-W 31000 28000 0.90 191 200 1.05 248 247 1.00 

Ke: Initial stiffness by tests, pMy: Yield moment by tests, pMp: Plastic moment by tests, KFEM: Initial stiffness by tests by FEM 

analysis, pMyFEM：Yield moment by FEM analysis, pMpFEM：Plastic moment by FEM analysis 

 
3.2 Failure modes 

Von mises stress reprogram can be viewed by the result file, as shown in Fig. 7. 

Connection of external-diaphragm and beam appear crack in the case of ST-W/O, while 

connection weld appear fissure for the specimen with concrete slab. It can be seen from 

the stress nephogram that plastic hinge shift from beam end to beam-to-column 

connection.  
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（a,b）Fissure on connection of external-diaphragm and beam 

   

(b,c) Crack on weld of column and external-diaphragm       (d) extrusion deformation on steel tube 

Fig. 7 Von mises stress reprogram of specimens 

 
4. STRESS ANALYSIS  
 

4.1 Plastic hinge location 

Due to the page limitation, only two sets of Von mises stress reprogram are shown 

in Figure 8. As can be seen from Fig. (8a), the stress of connection of 

external-diaphragm and beam is highest and the stress of  upper and lower flange is 

symmetry, which indicates this beam-to-column with external-diaphragm is helpful to 

make the plastic hinge away from the connection.  For specimen ST-W in Fig. (8b), the 

stress of upper and lower flange is significantly different and the neutral axis has 

changed because of the concrete slab. Similarly, for lateral bracing beam of specimen 

ST-W shown in Fig. (8c), the stress of upper and lower flange is different, too. 

   

(a) ST-W/O (b) ST-W        (c) ST-W: lateral bracing beam 

Fig. 8 von Mises stress distribution of specimens 

 
4.2 Behavior of external-diaphragm 

Stress concentration appear in connection of external-diaphragm and column and 



high-stress area in the external-diaphragm also increased significantly in the process of 

loading, effectively moving the plastic hinges away from the column, as shown in Fig. 9. 
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Fig. 9 von Mises stress distribution of the exterior diaphragm 
 
 
5. CONCLUSIONS 

 

Based on the numerical analysis results of this study and comparison with 

previous studies, the following conclusions can be drawn.  

(1) The analysis results match well with the test results, indicating that the 

sell-entities finite element model was a good simulation of beam-to-column joints, which 

indicates the model is reliable to further analysis. 

(2) Study show that stress and deformation of the beam-to-column joints with 

external-diaphragm is quite different to traditional beam-to-column joints after 

considering the slab effect. So the influence of slabs should be considered in the design 

of beam-to-column joints. 

(3) This numerical model will be reliable to further parametric analysis of the slab 

effect on beam-to-column joints with external-diaphragm. 
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